We present a study of the first and second switches (SWs) with nearly identical switching current I SW in Bi 2 Sr 2 Ca 0.85 Y 0.15 Cu 2 O y intrinsic Josephson junctions (IJJs). In contrast to early studies where a large difference between I 1st SW and I 2nd SW was observed, a crossover temperature T cr to the quantum phase escapes for the 2nd SW is strongly reduced (∼2.8 K) and agrees with that for the 1st SW. This confirms that the anomalous enhancement of T However, the anomalous increase of T 2nd cr was found to be independent of the device structure of IJJs with different heat-transfer environment 7) and the order of phase switches, 10) throwing doubt on the self-heating effects after the 1st SW. Detailed analyses of the switching *
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We present a study of the first and second switches (SWs) with nearly identical switching current I SW in Bi 2 1) have attracted much interest for more than a decade because of the unusual properties on the MQT rate. [2] [3] [4] [5] The most striking feature is that a crossover temperature, T cr , to the MQT state in the phase switch from the first to the second resistive branch (2nd SW) is largely enhanced compared to that from the zero voltage to the first resistive branch (1st SW) in the multi-branched current-voltage (I-V) characteristics of IJJs. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] An early study 6) suggested that such an enhancement was due to the self-heating effects in the first resistive state, based on the consideration that a series array of uniform Josephson junctions should show the same value of T cr as long as the current flowing in each junction agrees with the externally-applied bias current.
However, the anomalous increase of T 2nd cr was found to be independent of the device structure of IJJs with different heat-transfer environment 7) and the order of phase switches, 10) throwing doubt on the self-heating effects after the 1st SW. Detailed analyses of the switching rate for the 1st to the 4th SWs suggested that the phase-running state in the resistive branches enhances the phase retrapping effects in the higher order SWs rather than the self-heating effects. 11) In addition, the microwave-induced resonant peak structure was observed in the switching current distribution below T 2nd cr , suggesting the occurrence of the quantum phase escapes and the formation of energy level quantization (ELQ) in a potential well. 12, 13) Thus, many experimental results 7, [9] [10] [11] [12] [13] [14] [15] support that the MQT state is realized even in the 2nd SWs of IJJs, although the value of T cr (typically ∼ 10 K for the optimal doped Bi2212 IJJs) is much higher than the value predicted in the conventional theory. 16) As a qualitative explanation for this anomaly, we proposed that the ac Josephson current occurring after the 1st SW possibly passes through other junctions near the phase-switched junction, inducing the rapid oscillation in a tilted-washboard potential and effectively reducing the barrier height ∆U(I) for the 2nd SW. 11) Similar effects are expected for the quantum phase escapes under the strong microwave irradiation. Fistul et al reported that the strong microwaves effectively reduced ∆U(I) and increased the MQT rate, by using the quantummechanical analyses of the measured results for the Nb/AlO x /Nb Josephson junctions. 17) These effects are also confirmed for Bi2212-IJJs under the strong microwaves. 12, 13, 15, 18) Thus, the alternating current generating after the 1st SW is also expected to increase the MQT rate due to the effective reduction of ∆U(I). This scenario qualitatively explains the anomalous enhancement of T cr for the 2nd and higher order SWs.
An important fact leading to the above proposal is that the switching current I SW for the 1st SW often becomes smaller than that for the 2nd SW (I 1st SW < I 2nd SW ), because of the proximity effect of the normal-metal electrode in the mesa-type IJJs, 9, 14, 18, 19) or the amorphous damage due to focused ion beam (FIB) microfabrication in the bridge-type IJJs. 10, 12, 15, 20) The reduced switching current brings the phase-running state after the 1st SW, generating a temporal oscillation in a tilted washboard potential to describe the 2nd SW. This suggests that a study on IJJs with almost identical I 1st SW and I 2nd SW will provide novel information. A few studies reported the phase switching dynamics for such IJJs, 8, 21) while there was no discussion about the above scenario.
In this paper, we present a comparative study of the 1st and 2nd attributed to the influence of the phase-running state after the 1st SW. We also observe that the microwave-induced resonant escapes for both SWs manifest almost the same behaviors up to ∼15 K. The detailed analyses indicate that the decrease of the Josephson plasma frequency ω p with increasing the microwave power is stronger than that of ∆U, in contrast to the previous studies. 12, 13) Furthermore, the energy level numbers within the potential well for both SWs was found to remain more than 20 under the strong microwaves. These results suggest that the microwave irradiation is not used for a multi-photon absorption process from the ground state to the first excited state, but induces the strong oscillation such as a nonlinear bifurcation in the potential well. We argue that this unusual behavior gives an interesting key to resolve the anomalous enhancement of T cr for the 2nd and higher order SWs.
Y-doped Bi2212 crystals were grown by the floating zone method and annealed in the same condition as the optimal doped Bi-2212. 10, 15) A partial substitution of Y 3+ for Ca
2+
(nominally, 15%) decreases the carrier concentration to the underdoped region with the superconducting transition at ∼65 K. A stack of IJJs was fabricated in a narrow bridge by using FIB milling techniques. 10) The lateral sizes and the thickness of the measured IJJs (ayf46) are 1.31×1.39 µm 2 and 0.14 µm, respectively. The switching current distribution P(I) was measured down to 0.8 K by applying a bias current with a constant rate dI/dt = 3 mA/s under 5,000 or 10,000 switching events. Other details of experimental setup are described in our previous papers. 7, 12) The measured data of P(I) and the corresponding switching rate Γ(I) as a function of bias current were analyzed by a single-junction model including both the thermally activated (TA) phase escapes and the multiple phase retrapping (PR) processes, based on the so-called resistively and capacitively shunted junction (RCSJ) model. 11, 13) Other details including experimental methods to distinguish between each junction are described in a supplementary material. Such a strong suppression of j c0 by underdoping is also reported in the previous study of the interlayer tunneling spectroscopy with the mesa-type IJJs. 23) It is interesting to note that the experimental value of T cr for both SWs is about 2.8 K, which is much higher than the reported values for the 1st SW in Bi2212-IJJs, 1, 2, 6, 7) while much lower than those for the 2nd SW. 10, 12, 14, 15) The decrease of T 2nd cr is consistent with our scenario that the phase escape after the 1st SW is strongly influenced by the phase-running state occurring in the switched junction, since a short period of the running state before the 2nd SW is not enough to affect the 2nd SW. On the other hand, the increase of T 1st cr is quite unexpected, since j c0 is strongly suppressed. This implies the importance of quantum effects, which may be derived from indistinguishable properties between neighboring junctions with identical switching current. 24) Perhaps, this unusual enhancement of T cr is related to the drastically-enhanced MQT rate observed in the uniformly switching Bi2212-IJJs. [2] [3] [4] [5] We also find that T esc from 2.8 K to 6 K deviates from a straight line representing that T esc = T .
This suggests that Γ(I) in the regime that T cr < T < 2.1 T cr is enhanced by quantum correction effects, which have been considered in the conventional MQT theory for dissipative systems. 25, 26) These results also suggest that the MQT phenomena occurring in the IJJ system are still unresolved. The upper limit of T cr attained in IJJs can be more enhanced.
The formation of ELQ in the MQT regime is often investigated by the double-peaked distribution of the switching current under microwave irradiation, since the microwave absorption due to single-or multi-photon process stimulates the phase escape from the excited energy levels. 2, 12, 27) Figure 3 shows the density plots of the switching current for both SWs versus the applied microwave power P MW at 21.4 GHz and at several temperatures up to 15 K.
The left and right panels represent the 1st SW and the 2nd SW, respectively. First of all, we have an interest in the common results to both SWs. As the microwave power is increased at T = 1.7 K below T cr , the distribution of P(I) becomes double-peaked near P MW = −15 dBm (−13 dBm) for the 1st (2nd) SW. The applied microwave frequency corresponds to the fourphoton process (n = 4) for both SWs, assuming that the resonant peak is derived by the phase escape from the first excited state of ELQ. 28) With increasing temperatures, the primary peak positioned in the lower power region moves downward and approaches the microwaveinduced secondary peak. At 15 K, the double peak structure vanishes and the primary peak is smoothly connected to the secondary peak. Note that the double peak in P(I) is observed for both SWs even at temperatures above T cr . A similar behavior has also been reported in the previous studies.
12, 29)
Next, we focus on the detailed difference between both SWs. As shown in Figs. 3(a) and 3(e), we find that the microwave power required for the resonant phase escape in the 2nd SW is larger than that in the 1st SW. Here, we note that a small discontinuity of the switching current for the 2nd SW, observed at around −14.5 dBm, is not due to the resonant escape.
Rather it incidentally occurs by a large reduction of the switching current for the 1st SW.
Thus, we deduce that a large reduction of the switching current observed at P MW ∼ −13 dBm is a sign of the resonant phase escape for the 2nd SW. This irradiation power is stronger with each other. T esc is almost independent of P MW while I c0 is decreased with increasing P MW at both temperatures. Such a reduction of I c0 with increasing P MW was also reported in the previous study on the microwave-induced phase switches in the 2nd SW of Bi2212-IJJs, where the switching current for the 1st SW is smaller than that for the 2nd SW. is much larger than that of ∆U (∼1-2 %), showing a sharp contrast to the model proposed by
Fistul et al. 17) Furthermore, such an insensitivity of ∆U to P MW is quite different from our previous results for the 2nd SW occurring at I SW far away from the 1st SW. 12, 13) In the latter case, ∆U continues to decline until the resonant escapes are observed. On the other hand, ω p initially shows a rapid decrease by half and changes into a moderate one, which is weaker than the decrease of ∆U near the resonant escapes. These results indicate that the microwaveinduced resonant escapes observed in this work have a different origin from those observed in the previous studies.
In connection with this discrepancy, the energy level numbers within the potential wells, calculated by using the previous approach, 28) are too many to escape from the first excited state through the multi-photon absorption processes. The obtained values ( 20 at T =1.7 K for both SWs) are roughly twice larger than the previous results. 13, 18) This strongly suggests that the escaped phase particle is excited to a much-higher energy level, by using successive absorption of many photons or classical oscillation with extremely large amplitude. Although the former case is not reported yet as far as we know, the latter case has been reported as a nonlinear bifurcation phenomenon observed in the conventional Josephson junctions. 30) We note that the significant reduction of I SW observed at the resonance (See also Fig. 3 ) is successfully explained by the contribution of the nonlinear bifurcated oscillation. If it actually occurs in the IJJs, the observed resonant escapes will not be always associated with the formation of ELQ. Nevertheless, the invariant behavior of T esc with increasing P MW seems to support the occurrence of MQT after the excitation to a high energy level by using the bifurcated oscillation.
Our results also imply that a similar bifurcated oscillation possibly occurs in the 2nd and higher order SWs for the IJJs with I Josephson radiation explain the anomalous enhancement of T cr more successfully. We will discuss about this issue in another paper in the near future.
In summary, we experimentally studied the 1st and 2nd SWs in the Y-doped Bi2212-IJJs, where I 1st SW and I 2nd SW were nearly identical. We confirm that the behaviors of T esc and I c0 observed for the 2nd SW are coincident with those for the 1st SW, which is contrast to the previous studies on Bi2212-IJJs with I 2nd SW larger than I 1st SW . From these contrasting results, we conclude that the anomalous enhancement of T cr for the 2nd and higher order SWs is essentially derived from the phase-running state after the phase switches. As a possible mechanism for such an enhancement, the effective reduction of ∆U for the 2nd SW, 11, 12) attributed to the ac Josephson current after the 1st SW, was proposed. This scenario based on the model proposed by Fistul et al 17) seemed to explain the observed results successfully. However, this work suggests that the microwave irradiation decreases ω p rather than ∆U for both SWs, retaining many energy level numbers in the potential well. Thus, the microwave-induced resonance observed in this work is presumably attributed to the nonlinear bifurcated oscillation.
It also implies that a similar bifurcated oscillation can be induced by the ac Josephson current after the 1st SW. The nonlinear bifurcation effects provide an important viewpoint to understand the complicated phase dynamics in IJJs, including the comprehension of the anomalous enhancement of T cr for the 2nd and higher order SWs.
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